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ABSTRACT 
We are developing a linkage map of tetraploid alfalfa (Medicago sativa L.) based on 
restriction fragment length polymorphism (RFLP) in order to locate genes associated with 
forage yield, which may facilitate selection and cultivar improvement. Two highly diverse, 
heterozygous genotypes, WISF AL-6 (M sativa subsp.falcata) and ABI408 (M sativa subsp. 
sativa), were hand-crossed with emasculation to produce an F 1 population of 200 individuals. 
The population was planted in the field at two Iowa locations in 1998 and evaluated in 1999 
for dry matter yield. Analysis of yield data confirmed that the F 1 population mean was 
superior to only WISF AL-6 for forage dry matter yield. Concurrently, the parents and F 1 's 
were analyzed with RFLP markers using known probes from published diploid and tetraploid 
maps, cloned genes and ES Ts. A total of 85 different probes were screened on the F 1 
population and 239 segregating loci identified. From these data, 16 preliminary linkage 
groups were constructed, eight that showed similar markers in both WISFAL-6 and ABI408, 
five unique to WISF AL-6, and three unique to ABI408. The linkage groups were initially 
constructed using single dose restriction fragments (SDRF), with double dose restriction 
fragments (DDRF) and bands expressing segregation distortion added later. Approximately 
50% of all bands scored showed segregation distortion. Quantitative trait loci (QTL) analysis 
was performed and significant QTL with P:S0.01 were identified. These QTL were compared 
between environments and harvests. Further development of these two maps and 
identification of significant QTL will assist in the detection of genes associated with forage 
yield and other agronomic traits thereby helping to improve the cultivar development 
process. 
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CHAPTERl.GENERALINTRODUCTION 
Introduction 
The mapping oftetraploid alfalfa (Medicago sativa L.) and the identification of genes 
associated with forage yield and other agronomic traits are of great interest to both plant 
geneticists and forage breeders. Mapping the alfalfa genome is the first step to uncovering 
the complex molecular systems that define alfalfa as the world's most valuable forage 
legume. It will also aid in comparative mapping research and enhanced germplasm 
development. Gene identification may increase the efficiency of trait selection and varietal 
development. Alfalfa is a model system for polyploid genetics. 
Many advances over the past twenty years in molecular marker technology have 
facilitated and encouraged genetic map development. This has led to the successful 
construction of maps for many diploid plants, including diploid alfalfa (Brummer et al. 1993; 
Kiss et al. 1993; Echt et al. 1994; Tavoletti et al. 1996, Kal6 et al. 2000). However, 
cultivated alfalfa is a tetrasomic tetraploid and due to its complex nature, development of a 
tetraploid map has been slow. Large numbers of progeny are required to obtain all 
segregating genotypes in a tetraploid population. Because polyploids can have multiple 
alleles per locus, loci may be duplicated within the genome, and marker technologies cannot 
always distinguish among the variety of possible genotypes, mapping polyploids is a 
daunting task (Wu et al. 1992; Da Silva and Sorrells 1996). The technique of mapping single 
dose restriction fragments (SDRF} has simplified polyploid mapping tremendously (Wu et al. 
1992). Currently, only one tetraploid map has been published (Brouwer and Osborn 1999). 
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Thesis Organization 
This thesis has been organized into three chapters. The first chapter is a review of the 
literature that focuses on the subjects of this research- alfalfa, forage yield, and genomic 
mapping. The second chapter is a manuscript to be submitted for publication on mapping 
chromosomal regions associated with forage yield. The final chapter discusses general 
conclusions about this study and some possible suggestions for further research. References 
are listed for each part. 
Literature Review 
Alfalfa is the fourth most widely cultivated agronomic crop in the Unites States with 
most of the 10-11 million hectares being grown in the Upper Midwest. This increase from 
the six million hectares in the 1950's indicates that alfalfa is among the most important 
forage crops in the country (Barnes and Sheaffer 1995). Alfalfa is one of the few crops 
grown in all 50 states due to its ability to adapt and survive extreme environmental 
conditions. It has a high nutritional value in vitamins, minerals and protein, which has 
resulted in a large market for alfalfa hay. Alfalfa's deep tap root system helps break up 
hardpans created by farm machinery. It also reduces soil erosion and pollution, and improves 
water quality. When inoculated with Sinorhizobium meliloti, alfalfa roots have the ability to 
fix nitrogen in the soil. This makes alfalfa useful in crop rotations to increase crop 
productivity. Alfalfa nectar accounts for one third of the United States annual honey 
production market (Barnes and Sheaffer 1995). 
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Alfalfa Germ.plasm 
Alfalfa, originally from Iran and the Trans-Caucasian region of Asia, is now found 
worldwide. Records as early as 490 B.C. indicate that alfalfa was maintained as a forage due 
to its high feed value (Scofield 1908). Over the years, the crop was introduced to other parts 
of the world by early explorers and conquerors. Because of its ability to survive a wide range 
of temperatures and varying moisture levels, alfalfa can adapt to almost every environment in 
which it is planted (Barnes and Sheaffer 1995). 
In the United States, colonists introduced alfalfa as early as 1736. Since then, a 
number of different germplasms have been adapted for the United States (Barnes and 
Sheaffer 1995). Together, these different sources represent the nine basic germplasms used 
in present day United States cultivars; M sativa subsp. falcata, Ladak, M sativa subsp. 
varia, Flemish, Turkistan, Peruvian, Chilean, African and Indian. These nine germplasms 
include a wide spectrum of characteristics, from different levels of winter hardiness and 
autumn dormancy, to diverse flower color and pod and seed shape, to varying levels of 
disease and insect resistance (Barnes et al. 1977). Location of origin and the final destination 
in the Unites States help to distinguish the cultivars as well. Flemish, Chilean, Peruvian, 
Indian and African, all named for their origins of location, show moderate to non-winter 
hardness, and are cultivated in the deep south and southwestern United States. The 
remaining four germplasms, originally from Europe and Asia, exhibit greater winter survival 
and autumn dormancy, and slower regrowth after harvest. Turkistan and Ladak can be found 
in the Great Plains regions, and M falcata and M varia are adapted to the Northern United 
States (Barnes et al. 1977; Hanson et al. 1960). 
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Alfalfa is found as either a diploid or a tetraploid species with a basic chromosome 
number of x = 8. The diploid form is probably the original ancestor, with tetraploids 
developing from unreduced gametes (Lesins and Lesins 1979; Quiros and Bauchan 1988). 
There are two main cultivated subspecies, M sativa subsp. falcata and M sativa subsp. 
sativa. Subspecies falcata, a native of Siberia, is known to occur as both a diploid 
(2n = 2x = 16) and a tetraploid (2n = 4x = 32) with recessive yellow flowers, straight to 
crescent shaped seed pods and a known resistance to cold and drought conditions (Hansen 
1909; Lesins and Lesins 1979). The seeds themselves are smaller than most M sativa seeds, 
with an angular shape and a slightly rough surface (Oakley and Garver 1917). Subspecies 
sativa is a native to the Caucus Mountains of Southern Russia and is only found as a 
tetraploid, characterized by dominant purple flowers, coiled seedpods and a preference for 
temperate climates. 
Most of the original nine United States germplasm sources contain only M sativa 
germplasm, with M varia and Ladak including a mixture of M sativa and M falcata. 
Genetically, M sativa has been proven to be distinct from M falcata through the use of 
molecular markers and isozymes. Quiros (1983) provided evidence that the tetraploid M 
falcata had more isozyme alleles and showed more heterozygosity then several M sativa 
cultivars. Also several alleles had been identified that are unique to M falcata, suggesting 
possible new genetic variation relative to the sativa gene pool. Kidwell et al. ( 1994) studied 
all nine germplasms and showed that M falcata did not cluster in a clearly defined group 
with the other eight germplasms. Brummer et al. ( 1991) reported that it was possible to 
distinguish between cultivars using RFLP analysis. Of the three tetraploid M sativa cultivars 
5 
tested, one, "Spredor II", contained some M falcata germ plasm, which may help explain 
why it did not cluster with the other two cultivars, "Apollo" and "Florida 77". 
Alfalfa Breeding 
In the past century the main objectives of alfalfa breeding have been to increase 
forage yield and quality. Yield increases have been estimated at between 0.15 and 0.30% per 
year (Hill et al. 1988; Holland and Bingham 1994), but analyses of USDA and university 
variety trial yield data suggest that no yield improvement has occurred over the past quarter 
of a century. Much effort has been devoted to yield and quality, but methods and resources 
vary with every breeding program (Hill et al. 1988). Other factors that have been selected, 
such as resistance to disease and insects and environmental adaptation, also play an 
important, but indirect, role in improving forage yield and quality (Barnes and Sheaff er 
1995). For example, a cultivar selected for resistance to a particular pest will have improved 
yields when exposed to that pest compared to a susceptible cultivar. 
Superior cultivars are developed through recurrent selection to improve forage yield 
and other agronomic traits. However, the process takes several years per cycle. Each 
population of perennial cultivated alfalfa must be evaluated for the trait( s) of interest, plants 
superior for the trait(s) selected and crossed, and the next population grown and reevaluated, 
before measurements, such as average harvest yield, persistence, autumn dormancy, winter 
hardiness, and resistance to some pests, can be accurately measured. Selection can progress, 
as long as variation in the trait of interest exists in the population. Synthetic cultivars are 
created by crossing large numbers of parents that are superior for yield and other agronomic 
traits, resulting in a highly heterogeneous population. The population is planted in larger 
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fields to produce foundation seed and on a successive planting, certified seed for sale to the 
farmer. These improved cultivars are also the base for future generations of selection for 
other improved qualitative and quantitative traits. 
Alfalfa suffers severe inbreeding depression. Inbreeding depression is the expression 
of deleterious recessive alleles at different fitness related loci (Ritland 1996). Self-
pollination allows these recessive alleles to accumulate, eventually leading to negative 
expression and inbreeding depression. This can result in a loss of plant size and vigor with 
each generation of inbreeding. Under cross-pollination, the deleterious recessives remain 
hidden because of the large number of genotypes that include one or more dominant alleles 
(Poehlman and Sleper 1995). As an out-crossing, tetraploid species, alfalfa can accumulate a 
large number of deleterious recessive alleles without affecting fitness, because dominant 
alleles at a locus from one pa_rent mask the deleterious recessive alleles from the other parent 
at a complementary locus. One reason for choosing many parents for synthetic cultivars is 
because of the range of possible alleles present; this will ensure that the loss of vigor will be 
minimal in early generations (Miller and Hanna 1995; Poehlman and Sleper 1995). Another 
way to limit inbreeding depression is by crossing two diverse highly heterozygous plants, 
which can result in heterosis, or the ability of the progeny to out-perform the parents for a 
number of traits, especially yield, through the accumulation of dominant favorable alleles at 
many loci (Hill et al. 1988; Poehlman and Sleper 1995). 
Polyploidy 
A complete chromosome set within an organism's genome is designated by "x," the 
base number of chromosomes. The number of chromosome sets in an organism determines 
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the ploidy level of that species. Plants range from simple haploids, which have only one set 
of chromosomes, to complex polyploids, which have more than two chromosomal sets 
derived from the same or from different genomes. Different types of polyploids are 
characterized by the types of genomes present. Autopolyploids have more than two sets of 
the same genome. If one genome is represented by "A", then autopolyploids include 
autotetraploids like alfalfa (AAAA). Autopolyploids show bivalent and higher order pairing 
because one chromosome can pair with any of its homologous chromosomes. Plants of this 
type, such as alfalfa, are more descriptively called polysomic polyploids because of their 
segregation patterns. Allopolyploids, such as wheat (Triticum aestivum), contain two sets of 
two or more different genomes - e.g. AABBDD - and only pair bivalently. Allopolyploids 
are called disomic polyploids (Poehlman and Sleper 1995). 
In alfalfa, five different combinations of alleles per locus are possible. If every allele 
is different at locus A, i.e., A1A2A3~, the genotype is termed tetragenic. Trigenic genotypes 
have three different alleles, e.g. A1A1A2A3. A1A1A2A2 is diallelic duplex, A1A1A1A2 is 
simplex, and A1A1A1A1, is called nulliplex. The number of potential multi-locus genotypes 
becomes exponentially complex as more loci are considered (Busbice et al. 1972). 
Molecular Markers 
Molecular marker technology offers the potential to improve the ability of breeders to 
select complex traits, such as yield, while also limiting problems such as inbreeding 
depression. Unlike morphological markers, which are based on phenotypic traits, molecular 
markers are simply based on DNA sequence variation between plants (Poehlman and Sleper 
1995). Most of these variations have no phenotypic effect, and hence are ideal for use as 
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markers. Further, a virtually unlimited number of markers are available, provided they can 
be identified. Markers can be studied at all stages of development and in any tissue desired 
without environmental effects confounding the analysis and results (Mohan et al. 1997). 
Molecular markers are widely used for constructing genetic maps. Using linkage 
... analysiso/ .distances between.ma.i:kers are.calculated and relationships between markers and-
genes can be estimated. Quantitative traits can then be correlated with markers and putative 
genes contributing to the trait placed on genetic maps as quantitative trait loci (QTL). 
Through marker-assisted selection (MAS), superior cultivars can be produced in less time 
than through traditional recurrent selection because selection can be based on the marker, 
rather then on the phenotype, which may be difficult to ascertain. Marker-assisted selection 
is very useful when selecting for quantitative traits because the markers are closely linked to 
the trait in question (Mohan et al. 1997). Breeders can identify possible advantageous and/or 
detrimental chromosomal regions by comparing linkages between markers and desired or 
undesired traits. Using the same markers on different crops can also identify regions of 
similarity between populations or species. 
Four commonly used marker types include restriction fragment length polymorphism 
(RFLP), random amplified polymorphic DNA (RAPD), amplified fragment length 
polymorphism (AFLP) and simple sequence repeat (SSR). 
RFLP Markers 
RFLP, restriction fragment length polymorphisms, are co-dominant markers that 
supply the most reliable, reproducible data for precise scoring and mapping of genotypes 
(Mohan et al. 1997). These markers often show Mendelian inheritance. Unique alleles 
identified are due to insertions or deletions in the target site creating fragments of different 
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sizes; these are RFLP. Restriction endonucleases cleave double stranded DNA at specific 
target sequences, four to six base pairs long. Each enzyme recognizes a distinctive target 
sequence. Genomic DNA is completely digested with the restriction enzyme(s). After 
digestion, the fragments are separated by size on an agarose gel by electrophoresis and 
Southern transferred to a membrane. The membrane is then hybridized with a radioactively 
labeled probe, washed, exposed to x-ray film and analyzed to detect polymorphisms, i.e. 
band size differences among the plants being analyzed (Kochert 1994; Russell 1998). RFLP 
technology, although highly stable, requires large amounts of DNA, time, and labor. 
RAPD Markers 
RAPD technology uses primers, called oligomers, of 5-15 random base pairs long that 
recognize and anneal to homologous regions of single stranded DNA. The regions between 
primers are amplified exponentially through polymerase chain reaction (PCR), until the 
amount of un-amplified DNA is negligible relative to the amplified region. These random 
amplified polymorphic DNA segments are separated and analyzed on an agarose gel to detect 
polymorphisms. Polymorphisms occur when the size of the amplified region has been 
altered through insertion or deletion. Four major factors contribute to the specificity of a 
RAPD primer: (1) the length or number of bases incorporated in the primer, (2) the annealing 
temperature of the PCR, (3) the GC content, and ( 4) the amount of primer included in the 
PCR. RAPD analysis does not require large quantities of genomic DNA and genomic maps 
for several plants, including the common bean (Adam-Blondon et al. 1994) and tomato 
(Ohmori et al. 1996) have been generated successfully. However, unlike RFLP, it is difficult 
to reproduce RAPD results between labs. 
AFLP Markers 
Amplified fragment length polymorphism (AFLP) analysis combines elements of 
RFLP and RAPD. Double stranded DNA is digested with two different enzymes, one rare 
cutter and one frequent cutter, to create different fragment ends. Oligomer adapters are 
ligated onto the ends and the fragment is amplified by PCR. The fragments are radioactively 
or fluorescently labeled, separated on a denaturing polyacrylamide gel and scored for the 
presence or absence of the polymorphic fragments. Like other fingerprinting techniques, it is 
not necessary to know the sequence of the fragment of interest. The use of two different 
restriction enzymes controls the amount of amplified fragments (Vos et al. 1995). AFLP 
require small amounts of DNA and are highly repeatable. Numerous loci can be detected per 
AFLP reaction, thus making this technique very mapping compatible. AFLP are frequently 
used in saturating previously existing genomic maps and for detecting differences between 
species varieties (Mohan et al. 1997). 
SSR Markers 
Single sequence repeats (SSR) consist of tandemly repeated di- and tri-nucleotides. 
The AT nucleotide pair has been identified as the most frequently repeated sequence in plants 
(Mohan et al. 1997). Clones containing repeat sequences are identified in GenBank or 
isolated from libraries, sequenced and primers synthesized to the flanking regions of the 
repeat sequence. The specific repeat sequences are amplified using PCR. Polymorphisms 
result from different numbers of repeat units, amplified with the same primers. SSR primers 
are difficult to develop, but simple to use. They require little DNA, there is a high rate of 
polymorphism, and they show Mendelian inheritance (Akkaya et al. 1992). SSR markers 
commonly are used for the identification of genotypes and cultivars and for studying 
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pedigree relationships (Diwan and Cregan 1997). However, at this time there are very few 
SSR developed for alfalfa. 
Genetic Mapping 
Identifying the location of particular genes or loci on a chromosome using molecular 
markers allows researchers to study gene function, regulation, expression and interaction. 
Variation among individuals within a population and similarities between species can been 
evaluated, and a species can be enhanced through careful selection of genes of interest 
(Mohan et al. 1997). 
The first steps in developing a genetic map are parental selection and population 
development. Because maps are based on DNA polymorphisms, the parents must be very 
polymorphic. Although the easiest maps to construct are made in populations developed 
from inbred parents, sometimes, as in alfalfa, that is not practical. The selected parents are 
crossed to develop a population. The mapping population must show a wide range of trait 
segregation so that loci controlling the trait can be identified and linked to markers. Larger 
populations allow the recovery of more segregating genotypes in each class, providing more 
accurate linkage estimation. Finally, the population must be maintainable, through clones, 
advanced generations, or recombinant inbred lines so that tissue will always be available for 
analysis purposes. 
Marker selection is also very important. Markers should be polymorphic in the 
mapping population and have a low copy number so that they will be easy to score. Markers 
cloned from the species being mapped have the highest chance of being placed on the map. 
Once a map is well saturated with same-species markers, markers from the genomes of other 
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species can be tested for linkage. Each marker must be screened on a "test" blot consisting 
of digested DNA from the parents and a subset of the mapping population. In 
autopolyploids, mappable probes appear as bands which 1) are polymorphic between the 
parents and 2) segregate in a Mendelian presence: absence ratio in the population subset (Wu 
et al. 1992). The probes fitting these criteria are then screened on the rest of the mapping 
population and scored for the presence or absence of the band. Chi squared tests are 
calculated for each marker to determine goodness of fit. 
Marker pairs can be tested for evidence of linkage using x2• Two point recombination 
values can be estimated by maximum likelihood estimation (Allard 1956; Mather 1957), and 
solved with the grid search, the Newton-Raphson Iteration, or the expectation-maximization 
algorithm (Weir 1996; Liu 1998; Lynch and Walsh 1998). Maximum likelihood estimation 
gives the most precise linkage calculation; the computer program, MAPMAKER v. 3.0 
(Lander et al. 1987) can easily calculate linkages based on MLE. Associated markers are 
ordered into linkage groups based on the calculated recombination values and LOD scores. 
Once initial groups have been formed, the rigidity of the recombination value and LOD can 
be increased to test the strength and order of the marker linkages. Multiple locus ordering 
further compares and recalculates new linkages between adjacent marker pairs to determine 
the best linear order in a linkage group. The new recombination values are then converted 
into map distances using either the Kosambi ( 1944) or Haldane ( 1919) map functions. 
Linkage groups do not represent full chromosomes, but are merely regions within 
chromosomes. Any number of linkage groups can make up parts of a chromosome. Once 
the linkage maps are well saturated with markers, genes and loci, and the number of linkage 
groups equals the number of chromosomes in one set, the linkage maps can be defined as 
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representative chromosomes for that species. In polyploid species, markers may be placed 
on homologous chromosomes which will not be linked. Once the polyploid chromosomes 
are saturated with markers and anchor loci have been identified, homologous chromosome 
maps can be aligned and combined using the computer program JOIN MAP (Stam 1993 ), 
forming a consensus map for each homologous group. 
Segregation distortion occurs when a marker deviates from its expected genetic ratio. 
This occurs at some percentage in every species. There are a number of causes for distortion, 
such as inbreeding depression, interspecific hybrids, and gametic or zygotic selection. 
Sometimes specific genes for traits like sterility can cause segregation distortion. Using 
maximum likelihood estimations to compute recombination between markers showing 
distortion ratios is very complex. Mather (1957) formulated equations for F 1 and backcross 
populations showing disturbed segregation between two dominant loci. More recently, 
Lorieux et al. (1995) published a set of "special" formulae for maximum likelihood 
calculations that account for distorted ratios. 
Mapping Polyploids 
While linkage maps have been constructed for many diploid plants, mapping in 
polyploid species has been limited due to the complexity of the genome. Polyploid analysis 
demands large numbers of progeny to recover all genotypes in the segregating population. 
Multiple DNA fragments that may or may not be allelic, and their tendency to co-migrate 
make some genotypes phenotypically indistinguishable on a gel or autoradiogram (Wu et al. 
1992; Da Silva and Sorrells 1996). Markers mapped to one homologue may or may not be 
linked to the other homologous chromosomes, creating unique maps for each homologue in 
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the chromosome set. Thus, anchor loci must by identified so that homologues can be 
aligned. Polyploid mapping has been simplified through the technique of mapping single 
dose restriction fragments (SDRF) (Wu et al. 1992). 
SDRF are alleles present as a single copy in one parent and absent in the other. A 
tetrasomic tetraploid with alleles A1A2A2A2 at locus A has a single dose of allele A 1. A 
SDRF segregates in a 1: 1 ratio for presence: absence in the F 1 population (Da Silva and 
Sorrells 1996). Double dose restriction fragments (DORF), also used for mapping, are 
alleles present in two doses in one parent and absent in the other. A tetraploid with alleles 
A1A2A2A3 at locus A has a double dose of A2. DORF segregate in a 5:1 ratio for presence: 
absence in the F 1 population (Da Silva and Sorrells 1996). 
In small populations, double reduction is not considered in the segregation ratios 
because the effects are almost negligible. Using Mather's (1935) theory for maximum 
equational segregation, gametes in a tetrasomic tetraploid derived from double reduction 
would comprise 1/6 of the total gamete pool. If a locus contained two alleles (A1 and A2) in a 
genotype A 1A1A1A2, then 4.17% of the gametes will be A2A2. In our case, A1 represents the 
presence of a DNA fragment and A2 the absence of the A1 fragment. Through double 
reduction, we could observe a maximum of 4.17% of the individuals in an F 1 population that 
do not have the A1 allele if the parents' genotypes were A1A1A1Ax and AxAxAxAx, where 
x * 1. Without double reduction, all F 1 individuals would have at least one A1 allele. 
In a cross between two highly heterozygous tetraploid parents, with no alleles in 
common at the A locus, a maximum of eight different A restriction fragments (i.e. eight 
SDRF) can be mapped. This results in an individual map for each homologous chromosome 
in each parent. Mapping focuses on coupling linkages of SDRF because they can be 
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identified in a population of 75 individuals with 98% confidence, but identification of 
repulsion linkages is almost impossible without a very large population (Wu et al. 1992). 
Finally, the individual maps for each homologue are combined, creating consensus maps for 
each of the chromosomes in each parent. 
Trait Inheritance 
Traits are inherited either qualitatively or quantitatively depending on the genes that 
influence the trait. Qualitative traits are controlled by only one or a few genes showing 
Mendelian inheritance and exhibit a limited number of distinct genotypes. There is a simple 
correlation between those genotypes and the resulting discontinuous phenotypes; one distinct 
genotype equals one distinct phenotype, with no blending between different phenotypes. The 
phototropic and auxotrophic mutants of bacteria are one example of a qualitative trait 
(Russell 1998). In alfalfa, the published diploid maps (Brummer et al. 1993; Kiss et al. 1993; 
Echt et al. 1994; Tavoletti et al. 1996; Kal6 et al. 2000) are currently being used to map some 
qualitative traits. However, most traits important to plant breeding are quantitatively 
inherited (Poehlman and Sleper 1995). 
Many genes control quantitative characters, with each gene slightly contributing to 
the final phenotypic result. These traits do not show Mendelian segregation and individual 
gene effects are usually too small to measure. This cumulative effect results in a wide range 
of phenotypes that blend together, obliterating all countable classes. The environment also 
plays an important role in the expression of these traits. The results from one genotype may 
vary in different environments (Russell 1998). Thus when designing and analyzing an 
experiment involving one or more quantitative traits, both genetic and environmental effects, 
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and the interaction between them must be accounted for. To study quantitative traits, sample 
populations are statistically analyzed by analysis of variance (ANOV A) and regression 
techniques (Russell 1998). 
Paterson et al. (1988) reported on the first use of an RFLP linkage map to correlate 
marker data with quantitative traits, calling them quantitative trait loci (QTL); three different 
classes of QTL were mapped on the tomato genome (Lycopersicon esculentum). QTL 
determination can be affected by the environment or the population being mapped (Brummer 
et al. 1995). However QTL can be evaluated over the entire genome and phenotypic effects 
estimated. QTL mapping uses maximum likelihood equations and LOD scores to identify 
and analyze possible linkages with markers scored throughout a species' genome (Paterson et 
al. 1988; Lander and Botstein 1989). Once a positive linkage has been determined, the QTL 
is correlated to that marker. QTL mapping is beneficial for breeding with marker-assisted 
selection because markers are easier to select then a specific phenotype, allowing breeders 
the ability to select genes linked to markers that improve the traits of interest. 
One of the most important quantitative traits in alfalfa is forage yield. Because alfalfa 
is nutritionally one of the most valuable forages, potential yield increase is constantly being 
selected for in cultivars. This has resulted in some yield increase in the past 50 years. 
However, genetically, compared to many other crops, alfalfa yield had progressed very little -
about 3% between 1956 and 1974 (Hill and Kalton 1976). Several potential explanations for 
this low percentage are 1) the fact that alfalfa is a perennial and must survive winter 
conditions, 2) improvement through recurrent selection is time consuming for each cycle of 
evaluation, and 3) the yields of many other crops have been increased through changing 
some regulatory processes; this has not been done in alfalfa. Due to inbreeding depression, 
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creating inbred populations of alfalfa is not possible, because it allows deleterious recessives 
to be expressed, increasing the mortality of the population. The genetics behind alfalfa yield 
are not very well understood, due in part to the genome's tetraploid nature. Because yield 
has not yet been definitely associated with markers on a linkage map, marker-assisted 
selection is not possible. 
Mapping Alfalfa 
Many major crop species have been mapped using RFLP molecular markers, such as 
tomato (Tanksley et al. 1992), maize (Gardiner et al. 1993), and soybean (Shoemaker and 
Specht 1995). Quantitative trait loci (QTL) (Paterson et al. 1988; Stuber et al. 1992; 
Brummer et al. 1997) and specific genes (Young et al. 1988; Brummer et al. 1995) have been 
identified on several of the crops. Alfalfa has been mapped in the diploid species, 
eliminating the complex segregation ratios of polyploids (Brummer et al. 1993; Kiss et al. 
1993; Echt et al. 1994; Tavoletti et al. 1996, Kal6 et al. 2000). 
Brummer et al. (1993) created the first diploid map based on 86 F2 progeny 
developed from a tetraploid W2xiso (M saliva subsp. sativa) crossed with a USDA 
PI440501 (M sativa subsp. coerulea), the diploid form of M sativa subsp. sativa. 108 
cDNA markers were mapped to 467.5 cM creating ten very short linkage groups. Several 
possibilities for the short length included repressed recombination in the initial cross, weak 
attraction between the parental chromosomes, or small chromosomes. Also in 1993, Kiss et 
al. published a diploid map from a cross between yellow flowered M sativa subsp. 
quasifalcata and blue flowered M sativa subsp. coerulea, two diploid individuals. An F 1 
individual was self-pollinated to produce the F 2 segregating mapping population. The map 
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was constructed with 89 RFLP, RAPD, isozyme and morphological markers. These markers 
were assigned to eight linkage groups, covering 659 cM. This particular map has recently 
been expanded to include 868 different markers, covering 754 cM (Kalo et al. 2000). Due to 
the increased number of markers, linkages were adjusted and in some cases reassigned. Echt 
et al. (1994) developed two linkage maps for a diploid backcross population using RFLP and 
RAPD markers. The parents, F2-16 and 2220-8 were non-inbre:d diploids, with F2-16 acting 
as the recurrent plant. Four different segregation ratios were observed and scored for 153 
loci in 87 progeny. One linkage map focused on the F 1 parent in the backcross and was 
constructed from 86 markers. The other mapped 61 markers segregating in the recurrent 
parent. These two maps were combined using markers in common between the two maps as 
anchors to create a consolidated genome map. Tavoletti et al. (1996) developed an RFLP 
map to identify the location of a meiotic mutant in an F 1 population. The mapping 
population was produced from a cross between PG-F9 (M saliva subsp.falcala), a diploid 
mutant producing zygote eggs at high frequency, and W2x-1 (a diploid cultivar of M saliva 
subsp. saliva), a diploid genotype. Again maps were made for e:ach parent and aligned to 
create a consensus map of eight major linkage groups. A group of cDNA that had been 
previously mapped (Echt et al. 1994) detected 35 loci, which were compared to the Echt et 
al. ( 1994) map. Overall, the loci order was conserved with a few discrepancies due to several 
markers detecting multiple loci. 
An interesting result that consistently emerged with each map was the percentage of 
segregation distortion. In the Brummer et al. (1993) and Kiss et al. (1993) maps, about 50% 
of all markers mapped showed segregation distortion, mostly towards excess heterozygotes. 
On the Brummer et al. (1993) map, these markers were linked on (primarily) three linkage 
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groups. Kiss et al. (1993) referred to several possible explanations for segregation distortion: 
1) segregation distortion is the result of one or more lethal genes close to the marker of 
interest, or 2) the pairing of chromosomes of non-allelic regions and recombination could 
result in abnormal chromosomes and ultimately lethality (Landry et al. 1991; Ellis et al. 
1992). In the Echt et al. (1994) map, less segregation distortion was seen, only 34%, and 
again these markers tended to clump together on the linkage map. Segregation distortion was 
even less (8.8%) in the Tavoletti et al. (1996) map. These results suggest that segregation 
distortion is directly related to inbreeding: as inbreeding increases, so does segregation 
distortion. Data compiled from these projects indicate that several genomic regions show 
high sensitivity to homozygous genotypes and may be controlling inbreeding depression. 
However, because different populations were used in each experiment, resulting in different 
diploid maps, the results are not applicable to alfalfa in general. 
Successful mapping requires high levels of heterozygosity in the F 1 population (Wu et 
al. 1992). Because tetraploid alfalfa is highly heterozygous, almost any cross between two 
plants should have adequate polymorphism for successful map construction (Brummer et al. 
1991 ). High levels of polymorphism means that many loci will exhibit allelic differences 
between the parents. Therefore, in the FI population, these allelies will segregate as 
individual restriction fragments. Currently there is one tetraploid alfalfa map available 
(Brouwer and Osborn 1999). This map was built using two backcross populations, with 82 
SDRF segregating in each population. The two tetraploid parents used in the initial cross 
include a fall dormant, cold tolerant, winter hardy plant, B 17, selected from the Blazer XL 
cultivar and P13, a Peruvian germplasm from the non-dormant, cold and winter sensitive PI 
536535 cultivar. A single FI plant was selected and backcrosses made with both parents to 
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produce the two mapping populations. As in the diploid maps, some segregation distortion 
did occur, but at a much lower percentage (4-9%). The lower percentile is most likely a 
result of an autotetraploid having a stronger buffering ability to hide more deleterious 
recessive alleles with favorable ones. Brouwer and Osborn (1999) also reported a number of 
probes with four or fewer bands, indicating that they were truly single copy, that were 
conserved between the tetraploid map and several diploid maps (Echt et al. 1994; Tavoletti et 
al. 1996). Simple probe patterns allow comparisons to be made directly between maps of 
different ploidy levels. Occasionally diploids have been used to create a representative 
linkage map of a cultivated tetraploid relative ( alfalfa, potato (Bonbierbale et al. 1984 ), 
strawberry (Davis and Yu 1997)). Some distances be{ween markers were also maintained 
between maps. 
Mapping Traits in Alfalfa 
Very few traits have been mapped in alfalfa. The few diploid maps available 
(Brummer et al. 1993; Kiss et al. 1993; Echt et al. 1994; Tavoletti et al. 1996; Kal6 et al. 
2000), have been used in identifying loci correlated with qualitative traits (Brouwer and 
Osborn 1997; Kiss et al. 1997), and aluminum tolerance (Sledge et al. 1996). Currently, 
chromosomal regions are being mapped at the University of Georgia that correlate with acid-
solid tolerance and aluminum toxicity (G. Kochert, pers. comm.). SSR are presently being 
developed and mapped for alfalfa (Diwan et al. 1997). One RAPD marker has been linked to 
a gene controlling somatic embryogenesis at the tetraploid level (Yu and Pauls 1993). 
There are several reasons why mapping alfalfa and creating QTL associated with 
yield and other agronomic traits would be highly beneficial to the breeding community. 
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Alfalfa needs to be improved for yield. Traditional breeding methods have achieved very 
little overall progress in the past, resulting in yields that have reached a plateau. This is 
partially due to the difficulty of trait selection. Yield, being a quantitative trait, is influenced 
by multiple genes. As yield is selected and improved, other traits can be affected and lose 
vigor. Molecular markers offer the potential to locate genes associated with a trait, and study 
how those genes interact. Eventually QTL will assist breeders to improve their crops through 
specific marker-assisted selection for a particular trait without risking loss in other traits. 
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CHAPTER 2. MAPPING YIELD IN ALFALFA 
A paper to be submitted to Theoretical and Applied Genetics 
Cara Lea Council and E. Charles Brummer 
Abstract 
We are developing a linkage map of tetraploid alfalfa (Medic ago saliva L.) based on 
restriction fragment length polymorphism (RFLP) in order to locate genes associated with 
forage yield, which may facilitate selection and cultivar improvement. Two highly diverse, 
heterozygous genotypes, WISFAL-6 (M sativa subsp.falcata) and ABI408 (M sativa subsp. 
saliva), were hand-crossed with emasculation to produce an F1 population of200 individuals. 
The population was planted in the field at two Iowa locations in 1998 and evaluated in 1999 
for dry matter yield. Analysis of yield data confirmed that the F 1 population mean was 
superior to only WISF AL-6 for forage dry matter yield. Concurrently, the parents and F 1 's 
were analyzed with RFLP markers using known probes from published diploid and tetraploid 
maps, cloned genes and ESTs. A total of 85 different probes were screened on the F 1 
population and 239 segregating loci identified. From these data, 16 preliminary linkage 
groups were constructed, eight that showed similar markers in both WISF AL-6 and ABI408, 
five unique to WISF AL-6, and three unique to ABI408. The linkage groups were initially 
constructed using single dose restriction fragments (SDRF), with double dose restriction 
fragments (DDRF) and bands expressing segregation distortion added later. Approximately 
50% of all bands scored showed segregation distortion. Quantitative trait loci (QTL) analysis 
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was performed and significant QTL with P::S0.01 were identified. These QTL were compared 
between environments and harvests. Further development of these two maps and 
identification of significant QTL will assist in the detection of genes associated with forage 
yield and other agronomic traits thereby helping to improve the cultivar development 
process. 
Introduction 
Alfalfa (Medicago sativa L.) is the most economically important forage crop in the 
United States today. Due to its high level of vitamins, minerals, and protein, alfalfa is widely 
used as a feed for ruminant livestock. Cultivated alfalfa, once established in a field, can be 
harvested year after year for hay and silage. Alfalfa inoculated with Sinorhizobium meliloti 
has the ability to fix atmospheric nitrogen, making the legume useful in crop rotations to 
increase crop productivity. The deep tap root system reduces soil erosion and breaks up 
hardpans created by farm machinery. One third of the honey production in the United States 
is derived from alfalfa nectar (Barnes and Sheaffer 1995). 
Most alfalfa cultivars are developed using recurrent selection to improve forage yield, 
pest resistances, or other agronomic traits. Although recurrent selection has been very 
effective at improving disease and insect resistances and particular agronomic traits, it has 
been less effective at raising yields. Yield increases have been estimated at between 0.15 and 
0.30% per year (Hill et al. 1988; Holland and Bingham 1994), but analyses of USDA and 
university variety trial yield data suggest that no yield improvement has occurred over the 
past 25 years. All currently available alfalfa cultivars are synthetic populations. Because 
synthetic cultivars are the result of three or four generations of seed increase from the 
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initially selected parental genotypes, they have no potential to express heterosis (Brummer 
1999). The lack of progress with recurrent selection could be overcome by an alternate 
breeding method that produces semihybrid cultivars (Brummer 1999). 
A problem with breeding alfalfa is that a single cycle of selection can take multiple 
years because plants must be maintained in long-term selection nurseries. Four to five year 
nurseries are common in commercial alfalfa breeding programs to ensure that an adequate 
rating of winter hardiness, persistence, and forage yield potential has been obtained. 
Selection efficiency could be improved by identifying molecular markers linked to important 
agronomic traits such as yield and winter hardiness. Marker-assisted selection could 
decrease the evaluation time needed for each cycle of selection by two to four years. 
Cultivated alfalfa is a tetrasomic tetraploid (2n = 4x = 32), making its genetics 
considerably more complex than those of diploid organisms. Because each locus is present 
in four, rather than two, copies, large numbers of individuals must be evaluated to recover all 
possible segregating genotypes. Further, up to four alleles may be present at a single locus 
within the same plant; duplicated loci add a higher order complexity. When molecular 
markers are used, this complexity is revealed on an autoradiogram or gel by the presence of 
multiple fragments that may or may not be allelic (Wu et al. 1992; Da Silva and Sorrells 
1996). Additionally, the copy number of each allele is difficult to ascertain, making 
differentiation among genotypes nearly impossible. These problems have limited the 
application of molecular marker technology towards alfalfa improvement. 
Wu et al. (1992) described single dose restriction fragments (SDRF) as markers that 
could greatly simplify polyploid mapping. The SDRF are alleles present in a single copy in 
one parent and absent in the other, resulting in a segregation ratio of 1: 1 for presence: 
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absence in an F I population created by crossing two heterozygous plants (Da Silva and 
Sorrells 1996). By analogy, double dose restriction fragments (DDRF) are present in two 
---- ---- --- -copies in a single parent, ai~-d segregate-in-a 5: 1 ratio in an F I population. In a cross between 
two highly heterozygous tetraploid plants, with no alleles in common at a particular locus, a 
maximum of eight different SDRF could be mapped. 
Due to the highly heterozygous nature of alfalfa, a cross between almost any two 
plants provides sufficient polymorphism for mapping (Brummer et al. 1991 ). Because each 
plant is highly heterozygous, mapping_ can be conducted in an F 1 population. Currently, four 
maps have been developed in diploid populations (Brummer et al. 1993; Kiss et al. 1993; 
Echt et al. 1994; Tavoletti et al. 1996; Kal6 et al. 2000) and one in a tetraploid population 
(Brouwer and Osborn 1999). A disadvantage of these five maps is that they are each based 
on a different cross with few markers in common between them. This has resulted in maps 
unique to individual populations that cannot be easily transferred to other genetic materials. 
Developing a "universal" map that encompasses common markers and loci, allowing the 
homologous linkage groups to be identified across mapping populations, will aid in applying 
these maps to the genetic improvement of yield and other traits in alfalfa. 
The objectives of this research were 1) to develop a genetic map of tetraploid alfalfa 
using markers from previous maps, 2) to use the map to identify chromosomal regions 
associated with yield, and 3) to compare these results with previously published diploid and 
tetraploid maps. 
33 
Materials and Methods 
Mapping Population 
Two highly heterozygous and genetically distinct tetrasomic tetraploid genotypes, 
WISFAL-6 (M sativa subsp.falcata) (Bingham 1993) and ABI408 (M sativa subsp. sativa) 
(ABI Alfalfa, Inc., Lenexa, KS) were hand-crossed to produce a mapping population of 200 
F 1 progeny. The maternal plant, WISF AL-6, has recessive yellow flowers and a 
susceptibility to a number of diseases. ABI408 is a commercial elite plant with dominant 
purple flowers and a known resistance to at least ten major plant diseases. The F 1 population 
is segregating for numerous agronomically important traits and exhibits a wide range of 
variegated flower color. 
Phenotypic Data 
The 200 F 1 plants, the two parents, and eight commercial check cultivars were 
clonally propagated in the greenhouse through stem cuttings for use in field experiments. 
The plants were transplanted to the field in a replicated field experiment at two locations in 
Iowa; ISU Agronomy and Agricultural Engineering Research Farm west of Ames in a 
Nicollet loam soil (fine-loamy, mixed, superactive, mesic Aquic Hapludoll) on May 19, 1998 
and the Northeast ISU Research Farm south of Nashua in a Readlyn loam (fine-loamy, 
mixed, mesic Aquic Hapludoll) on July 23, 1998. The experiment at each location was 
planted in a 14 x 15 a-lattice design with four replications. Each genotype was planted as a 
plot of five clones per replication. Plants were spaced 30 cm apart in a plot, 60 cm separating 
plots, and 76 cm between rows. Both locations were evaluated in 1999 for dry matter yield. 
The first plant from each plot was hand cut at 7.5 cm and bagged as a subsample for dry 
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matter determination. The rest of the forage material in each plot was hand harvested and 
weighed wet. The subsamples were dried for four days in a 60°C drier and then weighed. 
Dry matter for each plot was determined based on the subsample dry weight percentage. The 
plants were also clonally maintained in the greenhouse to obtain leaf material for DNA 
extraction. 
Genotypic Data 
Genomic DNA was extracted from fresh leaf tissue from each F 1 plant and the parents 
using a modified CTAB extraction protocol (Saghai-Maroof et al. 1984; Doyle and Doyle 
1990). Isolated DNA was further purified using an extra phenol/chloroform extraction 
(Michaels et al. 1994). The samples were quantified on an 0.8% agarose gel. Ten 
micrograms of nuclear DNA from each genotype were digested individually with the 
restriction enzymes, EcoRI and HindIII, separated on 0.8% agarose gels, and Southern 
transferred onto Zeta Probe GT (Bio Rad) or Nytran Supercharge (Schleicher & Schuell) 
nylon membranes. Probes were produced by labeling individual clones with 32P-dCTP and 
hybridizing to Southern blots at 65°C overnight. The membranes were washed twice at 65°C 
in lxSSC + 1 %SOS for 20 minutes each, individually wrapped in Saran Wrap and exposed 
to Fuji or Kodak X-ray film at -80°C for 3-7 days. 
Approximately 250 different genomic and cDNA clones were surveyed on the 
parental blots. The clones included RFLP probes from the diploid maps and various cloned 
genes or expressed sequence tags (ES Ts) (Table 1 ). Parental blots, used to screen the probes 
to determine the presence of polymorphisms, included two parents and ten F 1 progeny. 
These blots were used to screen probes to determine the presence or absence of 
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polymorphisms. A series of eight blots covered the entire population of 200 F 1 progeny, with 
the two parents and 27 progeny on each blot. Separate sets of population blots were made for 
each enzyme. 
Presence of a polymorphic band in an individual was scored as a "1" and absence of 
the band was scored as a "O." Bands present in WISFAL-6 were labeled with the probe name 
followed by an "a" and a counting number, while ABI408 bands were called by the probe 
name and a "b", followed by a counting number. If a probe produced at least one band that 
was polymorphic between the parents and that segregated in the first ten F 1 progeny, it was 
screened on the entire F 1 population and scored for the presence or absence of the fragment. 
Separate analyses were conducted on bands derived from each parent. A x2 test for 
goodness of fit was calculated for each polymorphic band to determine if it was a SDRF (1: 1) 
or a DDRF (5:1) in the F1 population. Using the computer program MAPMAKER v. 3.0 
(Lander et al. 1987), marker pairs were tested for evidence of linkage and two point 
recombination values calculated by maximum likelihood (Mather 1951; Allard 1956), at a 
minimum LOD of 3.0 and a maximum recombination frequency of0 = 0.50 using the 
GROUP command. The order of each group was determined through standard 
MAPMAKER multipoint analysis and the "most probable" order selected. Initial linkage 
groups were created using only SDRF. After these groups were established, DDRF and loci 
expressing segregation distortion were inserted into these groups using the TRY command 
and all linkage groups were confirmed with either the COMP ARE or THREE POINT 
commands. Finally, local loci orders were verified by the RIPPLE command. Linkage maps 
were created using the Kosambi map function. At these recombination values, only coupling 
phase linkages could be identified and placed in linkage groups (Wu et al. 1992). These 
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linkage groups correlate to portions of individual chromosomes; we expect 32 such linkage 
groups per parent, but not until the maps are well saturated with markers. 
Data Analysis 
The MIXED procedure of the SAS statistical software package (Littell et al. 1996) 
was used to calculate lsmeans for total forage yield and yield of each harvest both at each 
location independently and combined over locations. Single-factor analysis of variance 
(ANOV A; SAS Institute 1990) was used to correlate polymorphic markers with forage yields 
(Brummer et al. 1997). The lsmeans were compared to the marker data from each parent 
individually using PROC GLM (SAS Institute 1990) and significant QTL identified at 
P 0.01. We attempted to develop preliminary QTL models using PROC REG; however, 
missing data for a number of markers made these models too unreliable to be reported. 
Interval mapping (Lander and Botstein 1989) was not used because individual linkage groups 
were not fully saturated and many markers were unlinked. 
Heritabilities on the progeny data were estimated by a random model in PROC 
MIXED (Littell et al. 1996), which calculated variance components and their variances for 
the F 1 genotype, genotype x location interaction, and error. Entry mean basis and plot basis 
heritabilities were calculated according to Nyquist ( 1991): 
(J'2 h2= ___ g __ 
(J'2 2 
(J'2 + __§!_ + s_ 
g l rl 
where er: , a;, , and a; represent genotypic variance, genotype x location variance and 
experimental error variance respectively; l is the number of locations(/= 2); and r is the 
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number ofreplications per location (r = 4). Plot basis heritability calculations did not include 
the number of locations or replications by locations. The delta method (Holland and 
Cervantes-Martinez 1999, unpublished data) was used to calculate heritability standard 
errors. 
Results and Discussion 
Map Construction 
A total of 253 probes were screened on the parental blots (Table 1 ), 190 of which 
were determined to be polymorphic. Each polymorphic probe identified was screened on 
Eco RI digested or HindIII digested DNA of the population depending on which enzyme had 
produced the highest number of polymorphic bands. For WISF AL-6, 46 probes were scored 
on the entire population, generating 110 segregating loci. Sixty-nine of the scored loci were 
mapped into 13 individual WISF AL-6 linkage groups, covering 1081.3 centimorgans ( cM) 
(Figure 1). In ABI408, 129 loci were scored using 74 polymorphic probes. The ABI408 
map is 1406.5 cM and contains 93 loci. This map is made up of eleven ABI408 linkage 
groups (Figure 1 ). The remaining polymorphic loci for each parent were unlinked. Since we 
were mapping all four homologues, we expected these distances to be 4x that of a single 
diploid map. 
About half of the loci exhibited segregation distortion (53% in WISFAL-6; 43% in 
ABI408) from the expected x2 progeny ratios of 1:1 or 5:1 (Table 2). This is comparable to 
the segregation distortion percentage computed by Brummer et al. (1993) in an F2 diploid 
population, but much higher then the percentage calculated for a backcross tetraploid 
population (Brouwer and Osborn 1999). Unlike the Brummer et al. (1993) map, however, 
38 
loci demonstrating segregation distortion were dispersed randomly throughout both maps. 
Part of the reason for such high levels could be missing data for some markers. 
Placement of loci on our two linkage maps were compared to the published diploid 
and tetraploid alfalfa maps (Brummer et al. 1993; Kiss et al. 1993; Echt et al. 1994; Tavoletti 
et al. 1996; Brouwer and Osborn 1999; Kal6 et al. 2000) to determine if common linkages 
were maintained. A number of our probes aligned with one or several of the previously 
published maps. However many times probes that were linked on a published map were 
unlinked in the WISF AL-6 or ABI 408 maps. Also linkages between the published maps did 
not always agree. This could be a result of either multiple loci present for a single RFLP 
probe or incorrect placement because of inaccurate data. Either case would lead to a conflict 
when naming our individual linkage groups. Ultimately, we decided to name our linkage 
groups as they best correlated to the Brummer et al. map (1993). One exception is new 
linkage group 9, which did not align with Brummer et aL(l993), but did align to linkage 
group six in the Kal6 et al. map (2000). Linkage group six from Brummer et al. (1993) was 
not identified in this study. 
Several loci in each parent (WISP AL-6: UGA328a3, UGA328a4, UGA543a2; 
ABI408: UGA328b2, UGA482b2) were identified as showing possible double reduction. 
A tetrasomic tetraploid, such as alfalfa could produce double reduction gametes a maximum 
of 1 / 6 of the time (Mather 1935). If a locus contains two alleles, A1, representing the presence 
of a band, and A2, the absence of that band, the genotype A1A1A1A2 will produce a 
maximum of 4.17% (1 /24) A2A2 gametes. If the second parent did not have any A 1 alleles, 
then 4.17% of the individuals in an F1 population will not express the A 1 fragment. Without 
double reduction, all gametes and hence all F 1 genotypes would have at least one copy of the 
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A I allele. In our population of 200 FI progeny, we could expect a maximum of eight 
individuals ( 4.17% x 200) that would not show the band. Because the loci exhibiting double 
reduction only had a very few individuals without a band, these loci were not incorporated 
into the final mapping data. 
Yield Means 
The parents WISFAL-6 and ABI408 did not differ (P < 0.05) for forage yield at either 
location or when both locations were combined (Table 3). For all harvest and location 
combinations, a wide range of yield variation was observed in the FI population. For total 
yield averaged across locations, the FI genotype with the maximum yield produced 299 
g/plant versus 28 g/plant for the lowest yielding genotype, more than an order of magnitude 
difference. The combined analysis showed that the FI population means outperformed 
WISFAL-6 for all three harvests and for total yield (Table 3), but was not different from 
ABI408 at any point. 
When yield means were analyzed by location, the results differed (Table 3), even 
though the variation among FI plants remained high. At Ames, the total yield of the F I mean 
was not significantly different from either parent. But when broken up into individual 
harvests, the FI mean yield was similar to ABI408 and always more than WISF AL-6, except 
for third harvest, where WISF AL-6 had higher yield. Also, over the duration of Ames 
harvests, the yield variation between the FI plants narrowed, with the greatest differential 
seen at first harvest. In Nashua, the total yield data showed the FI mean to be superior to 
ABI408 and WISF AL-6. When broken up by harvest, the FI outperformed both parents for 
first harvest. Second harvest showed a significant difference between WISF AL-6 and the F 1 
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mean, which was similar to ABI408. At third harvest, no differences were seen among the 
parents and the F 1 mean. There was also a large decrease in F 1 variation between the first and 
second Nashua harvests, but unlike Ames, variation between the second and third Nashua 
harvests increased slightly. This is likely a result of very low yield values collected for the 
Nashua second harvest. 
Entry mean basis heritability estimates for forage yield were quite high: 85% for first 
harvest, 67% for second harvest, 73% for third harvest, and 84% for total yield (Table 4). On 
a plot basis, heritability was reduced around 40-60% for each yield classification. This was 
expected because locations and replications were not taken into consideration for calculating 
plot basis heritability, creating a greater error and less confidence in the results. 
QTL Detection 
Detecting QTL in a tetraploid organism can be difficult. Consider a cross between 
two individuals A1AxAxAx x AxAxAxAx, where one parent has one copy of A1 (the QTL of 
interest) and the other parent has no copies of A1, and x -f. 1. When gametes are produced 
and combine to create the next generation, the SDRF, A1, will be in combination with all 
three alleles from its parent and with all four alleles from the other parent. All the other 
alleles will also be in all combinations without A1. Therefore the QTL effect of A 1 must be 
strong enough to be observed in combination with all other possible alleles. For this reason, 
we expect our R 2 values, which represent percentage of variation for yield that the marker · 
explains, to be low. 
Several QTL were detected for total yield averaged across the two locations in each 
of the parents (Table 5). The markers associated with the QTL are located on linkage groups 
41 
four, seven, and eight, with one marker unlinked. Two of the markers, V-RC-1-5-51dT22 
and V-bN1-5a3 were linked to QTL in both parents; because the markers themselves are 
linked, they may be detecting the same QTL. The WISF AL-6 alleles at both loci were 
associated with a yield decrease, as indicated by the lower yields of plants that had a DNA 
fragment (1) compared to those without the fragment (0) (Table 5). In ABI408, two alleles 
were mapped for each of the loci; they link together on two separate linkage groups, 
suggesting that these two groups represent different homologues. However, the alleles on 
only one of the homologues were associated with increases in forage yield; the other 
homologue did not have any marker alleles associated with yield. Several other loci were 
also linked to QTL on linkage group four in each parent. One marker, UGA540, was 
associated with a QTL in ABI408 but was located on a different homologue than the other 
markers. The presence of these alleles from ABI 408 resulted in a yield decrease. On linkage 
group seven, the marker UGAI 91 in ABI408 depressed yields, but in WISF AL-6, V-bC3C-
25a was associated with a yield increase. These markers may be identifying independent 
QTL, or they could be associated with the same locus. The amount of yield variation 
explained by these markers ranged from 4 to 13% (Table 5). Considering the difficulties 
associated with detecting QTL in tetrasomic tetraploids, these values represent reasonable 
effects. 
Breaking total yield averaged across locations into individual harvests revealed that 
genetic control of forage yield may differ throughout the year (Table 6). Because the first 
harvest yield accounted for >50% of total yield, markers associated with first harvest yield 
were generally associated with total yield as well. In WISF AL-6, two loci (V-bC3C-25a and 
MS58) were associated with yield in all three harvests, and they affected yield in the same 
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way in each case. By contrast, in ABI408, no marker was associated with yield in all three 
harvests. A number of markers were only associated with yield at second or third harvest. In 
some cases, these markers lie on the same linkage group as markers identified at first harvest, 
and they could be marking the same QTL, which has not been precisely located. Conversely, 
they could be identifying wholly new QTL controlling growth later in the year. Other 
markers lie on linkage groups not previously identified with yield, such as UGA83 on 
linkage group two in WISF AL-6 and UGA428 on linkage group 16 in ABI408. 
Alleles associated with both higher and lower yield are present in both parents and at 
all harvests, suggesting that selection to concentrate the desirable alleles in progeny could 
result in considerable yield gains. Presumably that explains the great range of yield variation 
in the Fl population. The fact that different loci-and significantly, loci residing on different 
linkage groups-are associated with yield throughout the year indicates that improvement of 
total yield cannot be done simply by measuring first harvest yield. While this might result in 
overall yield improvement, it would likely further skew the yield distribution toward first 
harvest, which is undesirable from forage quality and utilization standpoints. 
Finally, we determined QTL associations with total yield at each location 
independently to get an understanding of QTL environmental stability (Brummer et al. 1997) 
(Tables 7-8). In WISF AL-6, the major QTL on linkage group four in Ames were not 
identified in Nashua; only MS58 was associated with yield in both locations. By contrast, 
the major loci from linkage group four in ABI408 were detected in both locations. Since two 
of these markers on linkage group four were in common between the parents and both 
detected QTL at Ames, these results suggest that environmental stability varies depending on 
which alleles are present. In other words, certain alleles (those in ABI408) function similarly 
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and strongly at both locations while others ( those in WISF AL-6) have stronger effects in 
certain environments. In other cases, loci are only associated with yield in one parent so we 
cannot assess the differential response from different genetic backgrounds. However, some 
of these loci are not associated with yield at each location, suggesting that these loci are 
sensitive to environmental conditions and are important for yield under a more specific set of 
conditions than loci which are always, or nearly always associated with yield (Brummer et al. 
1997). 
The variability in response of different alleles at a locus has broad implications for 
using QTL in alfalfa breeding programs: not only do particular loci need to be identified as 
contributing to yield, but the differential effects and stabilities of different alleles at these loci 
need to be assessed. Although this is no different from other crops, the fact that alfalfa has 
the potential for four alleles at a locus, and many more than that within a population, means 
that marker-assisted selection will be more difficult than in less variable, diploid crop 
species. 
Many of the markers linked to QTL are SDRF, but a few showed segregation 
distortion. Most of the environmentally sensitive QTL showed segregation distortion and 
about half of them have not been linked to either map. Segregation distortion can cause 
inflated map distances and potentially spurious linkages. Thus, the QTL associated with loci 
exhibiting segregation distortion may not be real. As missing data is filled in, the number of 
loci showing segregation distortion may decrease. The addition of more loci to the map 
should help resolve linkage groups more clearly, and some of the unlinked markers will 
hopefully associate with one of the groups. 
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Conclusion 
In summary, a number of different alfalfa probes were mapped to the F 1 population of 
WISFAL-6 x ABI408, creating two tetraploid maps, one for each parent. Many similar 
regions were found between the two maps, although better correlations will likely result as 
more markers are added. Some of the probes were mapped from previously published 
diploid and tetraploid alfalfa maps; however, few linkage groups from the other maps were 
maintained in ours. Overall, the F 1 population out performed WISF AL-6 in the field, but was 
not significantly different from ABI408. When yield means were broken up into locations 
and harvests, however, the results differed. Ames first and second harvest supported the 
overall data, but for third harvest, WISFAL-6 outperformed both the F 1 mean and ABI408. 
For Nashua first harvest, the F 1 was superior to both parents. Second harvest showed a 
significant difference between WISFAL-6 and the F 1 mean, while staying similar to ABI408, 
and no significance was determined between either parent and the F 1 mean for third harvest. 
A number of markers were associated with QTL for yield means. Each parent showed both 
positive and negative alleles for yield. Several QTL however were maintained across 
locations and harvests suggesting possible environmentally stable loci. 
These results, although incomplete, have created a basic foundation for the analysis 
between molecular genetics and plant breeding. By further saturating our tetraploid map 
with RFLP and AFLP markers, better linkage groups will be created that will show more 
correlations with the other alfalfa maps. Stronger QTL will be detected and models can be 
developed that show how different significant QTL affect quantitative traits such as yield, 
fall dormancy or winter hardiness. These QTL will help in the identification and selection of 
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marker-linked traits for the improvement of forage yield and other agronomic traits in 
Medicago saliva. 
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Figure 1: Linkage maps constructed in an Fl tetraploid alfalfa population developed from a cross of the two genotypes 
WISF AL-6 and ABI408 using RFLP markers. Separate maps were developed for each parent. 
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Table 1: Polymorphism levels for various sources of RFLP probes and the number of 
probes mapped on the entire alfalfa F 1 population 
Probes Overall 
Type of Probe Source t Probe Prefix 
Probes No. of 
No. of Probes Screened on Polymorphic 
Parents Probes 
Genomic Clones Perugia ARC 34 26 19 
Cold Associated cDNAs St. Foy MSACI 3 3 3 
Expressed Sequence Tags Guelph MS 26 21 18 
cDNA Clones Noble 10 3 3 
Genomic Clones uw Hg or Vg 77 40 21 
Putative Nucleotide Binding Sites KSU - 11 11 6 
cDNA Clones UGA UGA 126 115 91 
Differentiallr Exeressed Transcriets PU V 56 34 29 
TOTAL 343 253 190 
No. Probes No. Bands 
Scored on Scored on 
Poeulation Poeulation 
5 7 
2 7 
6 15 
0 0 
7 19 
0 0 
53 160 
12 31 
85 239 
t Perugia=Dr. S. Arcioni (Istituto de Richerche Sul Miglioramento Genetico delle Piante Foraggere, Perugia, Italy); St. Foy=S. LaBerge (Agriculture and Agri-Food Canada, St. Foy, Quebec); 
Guelph=Dr. B.D. McKersie (Univ. of Guelph, Canada); Noble=Dr. R.A. Gonzales (Noble Foundation); UW=Dr. T.T. Osborn (Univ. of Wisconsin); KSU=Dr. Skinner (Kansas State); 
UGA=Drs. G. Kochert and J.H. Bouton (Univ. of Georgia, Athens); PU=Dr. Volenec (Purdue Univ.) 
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Table 1: Continued 
WISFAL-6 ABl408 
Type of Probe Source 
No. Probes No. Bands No. Probes No. Bands 
Scored in Scored in Scored in Scored in 
WISFAL-6 WISFAL-6 ABl408 ABI408 
Genomic Clones Perugia 3 5 2 2 
Cold Associated cDNAs St. Foy 2 3 2 4 
Expressed Sequence Tags Guelph 6 IO 5 5 
cDNA Clones Noble 0 0 0 0 
Genomic Clones uw 5 8 6 11 
Putative Nucleotide Binding Sites KSU 0 0 0 0 
cDNA Clones UGA 24 77 47 83 
Differentiallr Exeressed Transcriets PU 6 7 12 24 
TOTAL 46 110 74 129 
v-. 
\0 
Table 2: Segregation ratios determined on the entire alfalfa F 1 population for various types of DNA probes 
WISFAL-6 ABI-408 
Type of Probe Source 
Single Dose Double Dose 
Segregation 
Single Dose Double Dose 
Segregation 
Restriction Restriction Restriction Restriction 
Fragments Fragments 
Distortion 
Fragments Fragments 
Distortion 
Genomic Clones Perugia 2 I 2 0 0 2 
Cold Associated cDNAs St. Foy 3 0 0 4 0 0 
Expressed Sequence Tags Guelph 3 1 6 3 0 2 
cDNA Clones Noble 0 0 0 0 0 0 
Genomic Clones uw 5 0 3 6 3 2 
Putative Nucleotide Binding Sites KSU 0 0 0 0 0 0 
cDNA Clones VGA 21 12 44 30 9 44 
Differentialli'. Exeressed Transcriets PU 4 0 3 17 1 6 
TOTAL 38 14 58 60 13 56 
O"I 
0 
Table 3: Yield means for the alfalfa parents and their F1 population at Ames and Nashua, IA. 
Parents F 1 Po£ulation 
WISFAL-6 ABI408 WISFAL-6 Mean Mean vs. Mean vs. Std. Dev. 
Max. Min. 
Location Variable Date vs. ABI408 WISFAL-6 ABI408 Genotype Genotype 
g/plant g/plant Pr>F g/plant Pr>F Pr>F g/plant g/ plant g/plant 
Overall 99 Total 128 139 0.5975 168 0.0120 0.0677 52 299 28 
Harv 1 56 79 0.1307 100 <0.0001 0.0663 36 200 16 
Harv 2 15 26 0.0137 27 0.0002 0.8239 8 49 4 
Harv 3 57 34 0.0016 41 0.0022 0.1692 11 72 9 
Ames 99 Total 144 175 0.2534 178 0.0845 0.9037 60 343 25 
Harv I 2-Jun-99 55 101 0.0186 100 0.0014 0.9163 40 222 10 
Harv 2 8-Jul-99 25 39 0.0404 39 0.0045 0.9728 12 76 6 
Harv 3 3-Sep-99 64 35 0.0003 39 <0.0001 0.5212 11 66 8 
Nashua 99 Total 113 102 0.6431 159 0.0067 0.0008 51 282 35 0\ 
Harv 1 8-Jun-99 58 53 0.7840 100 
....... 
0.0016 0.0004 36 201 <l 
Harv2 15-Jul-99 6 13 0.0148 14 <0.0001 0.4658 5 26 <l 
Harv 3 l l-Se_e-99 48 36 0.2234 44 0.5726 0.2475 13 86 10 
\ 
\ 
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Table 4: Heritabilities for forage yield of alfalfa planted at Ames 
and Nashua, IA 
Entry Mean Basis 
Plot Basis 
Harv I Harv 2 Harv 3 Total Yield 
84.9 ± 2.2% 
53.5 ± 3.4% 
67.1 ± 4.7% 
33.8 ± 4.1% 
72.5 ± 4.0% 
31.2±3.4% 
84.4 ± 2.2% 
54.8 ± 3.4% 
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Table 5: Molecular marker alleles linked to quantitative trait loci (QTL) 
in an F 1 tetraploid alfalfa population for total dry matter 
forage yield in 1999 averaged across two Iowa locations, the 
yield of plants in the population carrying the allele (1) or 
not carrying the allele (0), the R2 value and significance level 
for each marker, the segregation pattern of the allele, and 
the putative linkage group to which the marker belongs. 
Separate analyses are reported for alleles deriving from 
WISFAL-6 and from ABI408, the parents of the population. 
WISFAL-6 
i\IBAN YIELD Linkage 
Probe 1 0 R2 E>F Segregation Group 
g/ lant g/ !ant 
MSAICBa2 158 181 0.05 0.0066 SDRF 4 
V-bNl-5a3al 157 189 0.09 0.0060 SDRF 4 
V-RC-l-5 ldT22al 161 183 0.05 0.0115 SDRF 4 
V-bC3C-25aal 180 155 0.06 0.0022 SDRF 7, 
MS58a3 154 180 0.06 0.0007 SDRF ut 
l Marker is unlinked 
ABI408 
i\IBAN YIELD Linkage 
Probe 1 0 R2 E>F Segregation Group 
g/ !ant g/ !ant 
UGA540bl 155 175 0.04 0.0120 SDRF 4 
UGA540b2 156 177 0.04 0.0072 SD-DR 4 
MSAICBb2 185 151 0.11 <.0001 SD 4 
V-bNl-labl 178 155 0.05 0.0104 SDRF 4 
V-bN2-2le3b2 181 159 0.05 0.0069 SDRF 4 
V-bNl-5a3b2 195 158 0.13 0.0004 SDRF 4 
V-bN2-36aT2b2 181 156 0.05 0.0086 SD 4 
V-RC-l-5ldT22b2 189 153 0.13 <.0001 SDRF 4 
UGA19lb2 159 179 0.04 0.0112 SDRF 7 
UGA28bl 184 162 0.04 0.0070 SDRF 8 
UGA452b2 156 176 0.04 0.0106 SD 8 
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Table 6: Molecular marker alleles linked to quantitative trait loci (QTL) 
in an F 1 tetraploid alfalfa population for dry matter forage 
yield in 1999 averaged across two Iowa locations, by harvest 
the yield of plants in the population carrying the allele (1) or 
not carrying the allele (0), the R2 value and significance level 
for each marker, the segregation pattern of the allele, and 
the putative linkage group to which the marker belongs. 
Separate analyses are reported for alleles deriving from 
WISFAL-6 and from ABl408, the parents of the population. 
WISF AL-6: Harvest 1 
MEANYIELD Linkage 
Probe 1 0 R2 E>F Segregation Group 
UGA749al 107 95 0.03 0.0130 SDRF 1 
UGA744al 92 105 0.03 0.0096 SD 4 
MSAICBa2 91 109 0.06 0:0026 SDRF 4 
V-bN1-5a3al 90 115 0.11 0.0020 SDRF 4 
V-bC3C-25aal 108 92 0.05 0.0031 SDRF 7 
MS58a3 91 107 0.06 0.0015 SDRF u 
WISFAL-6: Harvest 2 
MEAN YIELD Linkage 
Probe I 0 R2 E>F Segregation Group 
g/ !ant g/ !ant 
MSAICBa2 25 29 0.05 0.0052 SDRF 4 
V-bC3C-25aal 28 25 0.04 0.0109 SDRF 7 
MS58a3 25 29 0.06 0.0008 SDRF u 
WISF AL-6: Haivest 3 
MEAN YIELD Linkage 
Probe 0 R2 E>F Segregation Group 
g/2Iant g/Elant 
UGA83al 43 38 0.03 0.0111 SD 2 
V-bC3C-25aal 44 38 0.05 0.0035 SDRF 7 
MS58a3 39 44 0.06 0.0009 SDRF u 
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Table 6: Continued 
ABl408: Haivest 1 
MEAN YIELD Linkage 
Probe 1 0 R2 p>F Segregation Group 
UGA540bl 91 105 0.04 0.0095 SDRF 4 
UGA540b2 92 107 0.05 0.0049 SDRF 4 
MSAICBb2 113 87 0.13 <.0001 SDRF 4 
V-bNl-labl 107 90 0.06 0.0043 SDRF 4 
V-bN2-2 le3b2 110 92 0.06 0.0020 SDRF 4 
V-bN2-36aT2b2 109 91 0.06 0.0056 SD 4 
V-RC-1-51dT22b2 117 87 0.17 <.0001 SDRF 4 
UGA28bl 112 96 0.04 0.0038 SD 8 
UGA452b2 92 105 0.04 0.0118 SDRF 8 
ABI408: Haivest 2 
MEAN YIELD Linkage 
Probe 1 0 R2 E>F Se~egation Group 
MSAICBb2 29 25 0.06 0.0018 SDRF 4 
V-bN1-5a3b2 30 26 0.09 0.0039 SDRF 4 
V-RC-1-51dT22b2 30 25 0.10 0.0005 SDRF 4 
UGA482bl 28 25 0.03 0.0111 SDRF 16 
ABI408: Haivest 3 
MEAN YIELD Linkage 
Probe 1 0 R2 E>F Segregation Group 
g/ !ant g/ !ant 
UGA782b3 40 45 0.04 0.0093 SD 1 
UGA189bl 39 44 0.04 0.0107 SD 7 
V~2Dllb2 44 39 0.04 0.0040 SDRF u 
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Table 7: Molecular marker alleles linked to quantitative trait loci (QTL) 
in an F 1 tetraploid alfalfa population for dry matter 
forage yield in 1999 averaged across Ames, IA, the yield 
of plants in the population carrying the allele (1) or not 
carrying the allele (0), the R2 value and significance level 
for each marker, the segregation pattern of the allele, and 
the putative linkage group to which the marker belongs. 
Separate analyses are reported for alleles deriving from 
WISFAL-6 and from ABl408, the parents of the population. 
WISFAL-6 
:tvIBAN YIELD Linkage 
Probe 1 0 R2 :e>F Segregation Group 
g/ lant g/ lant 
UGA744al 163 188 0.04 0.0031 SD 4 
MSAICBa2 162 195 0.08 0.0008 SDRF 4 
V-bNl-5a3al 163 200 0.10 0.0031 SDRF 4 
V-RC-l-5ldT22al 169 195 0.06 0.0086 SDRF 4 
MS58a3 162 190 0.06 0.0012 SDRF u 
ABI408 
:tvIBAN YIELD Linkage 
Probe 1 0 R2 :e>F Segregation Group 
g/ !ant g/ !ant 
UGA540b2 165 188 0.04 0.0080 SDRF 
MSAICBb2 197 159 0.10 <.0001 SDRF 
V-bNl-labl 189 162 0.05 0.0084 SDRF 
V-bN2-2le3b2 193 168 0.04 0.0103 SDRF 
V-bNl-5a3b2 207 167 0.12 0.0006 SDRF 
V-bN2-36aT2b2 192 164 0.05 0.0105 SD 
V-RC-l-5ldT22b2 203 159 0.15 <.0001 SDRF 
UGA452b2 161 189 0.05 0.0026 SDRF 
4 
4 
4 
4 
4 
4 
4 
8 
UGA482bl 190 165 0.04 0.0038 SDRF 16 
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Table 8: Molecular marker alleles linked to quantitative trait loci (QTL) 
in an F 1 tetraploid alfalfa population for dry matter 
forage yield in 1999 averaged across Nashua, IA, the yield 
of plants in the population carrying the allele (1) or not 
carrying the allele (0), the R2 value and significance level 
for each marker, the segregation pattern of the allele, and 
the putative linkage group to which the marker belongs. 
Separate analyses are reported for alleles deriving from 
WISFAL-6 and from ABl408, the parents of the population. 
WISFAL-6 
:tvIBAN YIELD Linkage 
Probe 1 0 R2 E>F Segregation Group 
g/ lant g/ lant 
UGA328al 162 139 0.04 0.0127 SD 3 
V-bC3C-25aal 172 145 0.07 0.0005 SD 7 
UGA1130al 151 171 0.04 0.0109 SD u 
MS58a3 147 171 0.05 0.0017 SDRF u 
ABI408 
:tvIBAN YIELD Linkage 
Probe 1 0 R2 E>F Segregation Group 
g/ lant g/ lant 
MSAICBb2 173 144 0.08 0.0005 SDRF 4 
V-bNl-5a3b2 182 150 0.09 0.0032 SDRF 4 
V-RC-l-5ldT22b2 174 148 0.07 0.0040 SDRF 4 
UGA28bl 174 153 0.04 0.0077 SD 8 
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CHAPTER 3. GENERAL CONCLUSIONS 
General Discussion 
Genome mapping has become widely used for many applications, from breeding to 
studying evolution. By creating QTL between mapped loci and field data, marker-assisted 
selection (MAS) can be used in creating superior crops in a shorter period of time then 
through traditional selection-breeding methods. 
We have developed two preliminary tetraploid alfalfa maps created for WISF AL-6 
and ABI 408 that show a number of similar markers among other published alfalfa maps 
(Brummer et al. 1993; Kiss et al. 1993; Echt et al. 1994; Tavoletti et al. 1996; Brouwer and 
Osborn 1999; Kal6 et al. 2000). However, marker order was not conserved between 
published maps and the different published maps included different markers. This made 
correlating our linkage groups with the published maps difficult. Because the Brummer et al. 
map (1993) showed the greatest similarity to our maps for markers and marker order, our 
maps were named in the same way. With the addition of more RFLP and AFLP markers, a 
more saturated map will be developed and marker orders and distances between markers 
closer to those on other maps are expected to emerge. 
For total yield across locations, the F 1 population mean was superior to WISFAL-6 
means and the range of F 1 yields spanned an order of magnitude, to greater than 200% of the 
higher parent, ABI408. But the analysis by location and harvest showed that this was not 
always the case. At Ames the F 1 mean yield was similar to ABI408 and always superior to 
WISF AL-6, except for third harvest, where WISF AL-6 had higher yield. In Nashua, the F 1 
outperformed both parents for first harvest. Second harvest showed a significant difference 
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between WISF AL-6 and the F 1 mean, which was similar to ABI408. At third harvest, no 
differences were seen among the parents and the F 1 mean. Heritability estimates were 
calculated for total yield and the three harvests over location on entry mean basis and plot 
basis. The heritability for total yield was 84% on an entry mean basis and 55% on a plot 
basis. For all heritabilities, the entry mean basis for yield was 40-60% greater than the plot 
basis. 
A number of QTL were identified for forage yield over locations and harvests; 
several of the QTL were maintained between the two parents. Two markers (V-RC-1-
51 dT22 and V-bN1-5a3) were associated with QTL at both locations and in both parents, 
suggesting they are stable QTL (Brummer et al. 1997) that are constant contributors to yield. 
These two markers showed that alleles derived from ABI408 increased yield, but when 
derived from WISF AL-6, yield decreased. Alleles for higher or lower yield were identified 
in both parents. Through further testing, these QTL may be useful for marker-assisted 
selection for yield. Many of the QTL only occurred in one parent at one location. The 
genetic effect of these environmentally sensitive QTL seems to be only significant under 
certain environments. This however may make these QTL hard to use in a breeding 
program, as a particular natural environment can never be duplicated. QTL will eventually 
also be developed for other agronomic traits using these markers. 
As more markers are added to the map, QTL will be reevaluated and strong models 
produced that show how much each QTL associated with the marker affects yield or other 
traits over all. A second year of marker-yield analysis will also help strengthen the models. 
Once these QTL are established, marker-assisted selection breeding for forage yield and 
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other agronomic traits in alfalfa can commence and eventually be integrated into standard 
agronomic breeding practices. 
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APPENDIX: ACCOMPANYING CD-ROM AND TECHNICAL INFORMATION 
The accompanying CD-ROM contains raw data from this research in Microsoft 
Office formats and SAS version 8.0. Data files may be opened using either a Windows 
machine running Microsoft Office 97 or higher or a Macintosh computer system running 
Microsoft Office 98. SAS programs may be run and viewed using SAS 8.0, or viewed only 
using Microsoft Word. Data included are raw yield data, different yield means, marker data, 
and QTL data; column headings are fully labeled. Requirements for operating this CD-ROM 
are as follows: 
Windows Machines 
Processor: 486 or higher 
RAM: 16MB 
Disk Space: Sufficient for Microsoft Office installation 
CD ROM: 4x 
Operating System: Windows 95 or later 
Macintosh 
Processor: Power Macintosh Chipset 1 00Mhz or higher 
RAM: 16MB 
Disk Space: Sufficient for Microsoft Office installation 
CD ROM: 4x 
Operating System: OS 7.5 or later 
72 
BRIEF DESCRIPTIONS OF APPENDIX ON CD-ROM 
Document A: All raw field data collected from Ames, IA and Nashua, IA from 1998-1999 
Document B: All raw molecular marker data and x2 values determined for WISP AL-6 
Document C: All raw molecular marker data and x2 values determined for ABI408 
Document D: WISP AL-6 molecular marker data formatted for MAPMAKER program 
Document E: ABI 408 molecular marker data formatted for MAPMAKER program 
Document F: SAS Program for calculating yield means 
Document G: 1999 raw yield data from Ames, IA and Nashua, IA 
Document H: SAS yield means output (condensed for Table 3 in paper) 
Document I: SAS Program for calculating comparisons between yield means 
Document J: Raw yield data with predicted values 
Document K: SAS Program for calculating heritabilities over harvests 
Document L: SAS Program for calculating significant QTL 
Document M: WISP AL-6 molecular marker data formatted for SAS program 
Document N: ABI408 molecular marker data formatted for SAS program 
Document 0: SAS QTL output for WISP AL-6 ( condensed for Table 5-8 in paper) 
Document P: SAS QTL output for ABI408 (condensed for Table 5-8 in paper) 
Document Q: SAS Program for creating QTL models with significant markers 
Document R: SAS QTL model output for WISP AL-6 
Document S: SAS QTL model output for ABI 408 
Thesis Folder: Chapters 1-3 
Figure 
Tables 
